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Redox-Dependent Translocation of p53 to
Mitochondria or Nucleus in Human Melanocytes
after UVA- and UVB-Induced Apoptosis
Petra K Wa¨ster1 and Karin M O¨llinger2
The p53 protein is an important transcription factor and tumor suppressor that is induced in response to many
forms of cellular stress. UVA irradiation of human melanocytes caused generation of reactive oxygen species,
which altered the intracellular redox balance and was accompanied by translocation of p53 to mitochondria. In
contrast, UVB did not affect the redox status and p53 was translocated to the nucleus. Although different
intracellular location of p53, UVA/B induced apoptosis through the intrinsic pathway detected as translocation
of Bax to mitochondria, release of cytochrome c, and activation of caspases. These events were all prevented by
inhibition of p53 with pifithrin-a. Furthermore, inhibition of p53 prevented lysosomal membrane permeabiliza-
tion, detected as translocation of cathepsins to the cytosol, after UVB exposure, whereas UVA-induced
lysosomal release was unaffected by inhibition of p53. In control cells, p53 coimmunoprecipitated with the
antiapoptotic proteins Bcl-2 and Bcl-xL and upon UVA exposure the interaction was replaced by binding to the
proapoptotic proteins Bax, Noxa, and Puma. Our findings suggest that UVA-induced apoptosis is caused by
extensive oxidative damage leading to p53-regulated mitochondrial release, whereas UVB induces DNA damage
and apoptosis signaling upstream of lysosomal membrane permeabilization.
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INTRODUCTION
UV radiation is an established environmental carcinogen,
which has been implicated in the etiology of human skin
cancer. Because all UVC (o280nm) and a large portion
(90–99%) of UVB (280–320 nm) are absorbed in the strato-
sphere, UVA (320–400 nm) is the main irradiation reaching
the surface of the earth. Despite a low presence of UVB, its
high energy has positioned it as an important factor in
photocarcinogenesis. DNA exhibits an absorption maximum
around 270 nm and is a major chromophore for UVB
irradiation, whereas UVA photons are poorly absorbed by
DNA. However, the highly penetrating UVA component
generates major oxidative stress and has been shown to
induce chemical modification of DNA likely triggered by
photosensitization processes (reviewed in Black et al., 1997).
The precise signaling pathways that are activated in response
to UV exposure have, however, not yet been fully elucidated.
The p53 protein is an important transcription factor and
tumor suppressor that is induced in response to many forms of
cellular stress. After activation, it binds specifically to DNA
and regulates transcription of several effector genes involved
in DNA repair, cell-cycle arrest, and apoptosis. The latter is
transcriptionally controlled through several p53-induced
genes including Bax, Noxa, Puma, and cathepsin D
(Miyashita et al., 1994; Wu et al., 1998; Oda et al., 2000;
Nakano and Vousden, 2001). The pathway of p53-induced
apoptosis is not yet fully described and mechanisms both
dependent and independent of its transcriptional activity
have been suggested (Bates and Vousden, 1999). Reactive
oxygen species are involved at several levels in the p53-
signaling pathways. Furthermore, p53 contains several
reactive cysteine residues, which suggests that p53 have
different conformation depending on intracellular redox state
(Hainaut and Milner, 1993). Critical cysteines are located
within the DNA-binding domain and previous studies have
shown that p53 in reduced state represents an active DNA-
binding conformation whereas oxidation of the protein gives
rise to a non-DNA-binding conformation (Rainwater et al.,
1995). Moreover, glutathione and thioredoxins are identified
as possible regulators of p53 redox state (Pearson and Merrill,
1998).
Apoptosis provides a mechanism for eradication of cells
with irreparable DNA damage and is assumed to be an
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important event for elimination of potential cancer cells. Two
major signaling pathways lead to apoptosis; the extrinsic
pathway, which is activated by ligation of death receptors,
and the intrinsic or mitochondrial pathway, which is
activated through mitochondrial membrane permeabiliza-
tion. Release of mitochondrial content is controlled by the
Bcl-2 family proteins, which comprise antiapoptotic mem-
bers, including Bcl-2 and Bcl-xL, and proapoptotic proteins
such as Bax, Bak, Bid, Bim, Puma, and Noxa (Adams and
Cory, 1998). Several models for how Bcl-2 family proteins
control apoptosis by regulation of mitochondrial integrity
have been proposed (Borner 2003; van Delft and Huang
2006). Following an apoptotic stimulus, Bax and Bak are
considered the main regulators and have an important
function involving disruption of organelle membranes. Bax
is cytosolic and requires an activating signal to translocate
from the cytosol to the mitochondria. The BH3-only proteins,
a proapoptotic Bcl-2 family subclass, were recently identified
as possible candidates to induce such activation. Within the
membrane, oligomerized Bax facilitates mitochondrial mem-
brane permeabilization. This process is counteracted by Bcl-2
and Bcl-xL, which are able to prevent release of apoptogenic
factors, such as cytochrome c from the mitochondria. When
release to the cytosol, cytochrome c activates a cascade of
caspases resulting in controlled autodigestion of the cell.
Besides caspases, several other proteases, for example,
granzymes, calpains, and cathepsins have been assigned
specific functions during apoptosis. Lysosomal membrane
permeabilization accompanied by release of cathepsins from
the lysosome to the cytosol, is essential for apoptosis
signaling in several experimental systems (Ishisaka et al.,
1999; Guicciardi et al., 2000; Johansson et al., 2003; Roberg
and O¨llinger 1998). Using human melanocytes, we have
previously shown that both UVA- and UVB-induced apop-
tosis is mediated by release of cathepsins B and D to the
cytosol. Such release stimulates the intrinsic pathway to
apoptosis by triggering Bax translocation to the mitochondria
and subsequent release of cytochrome c (Bivik et al., 2006).
To further clarify the mechanism underlying UV-induced
cellular signaling and apoptosis induction in melanocytes, we
investigate the importance of intracellular redox state and
compare the action of p53 during UVA- and UVB-induced
apoptosis.
RESULTS
UVA irradiation causes translocation of p53 to the
mitochondria
The UVA dose was optimized to 60 J cm2, which caused
apoptosis in 42% (median, range 34–50%) of the melanocytes
6 hours after exposure, as determined by evaluation of
nuclear morphology. Immunocytochemistry of control cells
revealed that the p53 protein was localized diffusely
throughout the cytosol. Following UVA, we found a time-
dependent translocation of p53 into a punctate pattern,
colocalizing with mitochondria (Figure 1a; Figure S1a). In a
small fraction of the irradiated cells p53 was found located in
the nucleus but no increase in this cell population was
detected after 4 hours (Figure S1a). On the basis of the
kinetics of p53 translocation we decided to investigate the
function of p53 after 4 hours. Pretreatment with pifithrin-a
(PFT-a), a chemical inhibitor of p53, diminished the UVA-
induced p53 translocation (Figure 1b). In accordance,
western blot in isolated cytosol showed that the p53 level
decreased in the cytosol after UVA but was maintained in the
presence of PFT-a (Figure 1b). In lysates of whole cells, p53
expression was virtually unaffected 4 hours after irradiation
(not shown). Moreover, PFT-a reduced UVA-induced release
of cytochrome c from the mitochondria, caspase activation,
and number of fragmented nuclei (Figure 1c and d).
UVA irradiation caused production of reactive oxygen
species as detected by increased fluorescence of carboxy-
H2DCFDA (fluorescence increased threefold as compared to
control, not shown). To evaluate if the UVA-induced
translocation of p53 is mediated by oxidative stress in
melanocytes, the antioxidant N-acetyl-cysteine (NAC) was
added before irradiation. NAC addition reduced UVA-
induced p53 translocation from the cytosol to the mitochon-
dria and consequently the frequency of apoptosis was
diminished (Figure 2a). Next, we investigated the intracellular
redox state by analyzing, reduced glutathione, expression of
thioredoxin and thioredoxin reductase activity. We found the
reduced glutathione to drop to approximately 25% of the
initial value after UVA and addition of PFT-a did not prevent
the depletion (Figure 2b). However, total GSH/GSSG level
was constant during 4 hours (Figure S2a). The activity of
thioredoxin reductase was decreased and addition of PFT-a
had no influence on the activity (Figure 2c). The intracellular
location of thioredoxin was cytosolic and unaffected by UVA
exposure as judged by immunocytochemistry and immuno-
blotting of isolated cytosolic fractions (Figure 2d and f).
A small fraction of thioredoxin was detected in the nuclei
in control cells and UVA exposure did not induce any
significant change (Figure 2e). Furthermore, no colocaliza-
tion of thioredoxin with mitochondria or lysosomes occurred
as analyzed by costaining with MitoTracker Red and
LysoTracker Green, respectively (not shown). Moreover,
we found UVA irradiation to cause increase of heme
oxygenase-1 (HO-1) levels, which is a marker of oxidative
stress (Figure 2f).
UVB irradiation causes translocation of p53 to the nucleus
UVB irradiation caused apoptosis in 32% (median, range
27–36%) of the melanocytes as determined by inspection of
nuclear morphology. By immunostaining of p53, we revealed
time-dependent translocation of the protein from a diffuse
cytosolic pattern into nuclear location (Figure S1b; Figure 3a).
A minor fraction of the cells displayed mitochondrial p53
staining and this population did not increase with time
(Figure S1b). Inhibition of p53 with PFT-a reduced p53
translocation to the nucleus, as presented in Figure 3b.
In lysates of whole cells the p53 level increased 2.6-fold
4 hours after UVB exposure (not shown). Similar to the
findings after UVA, inhibition of p53 prevented cytochrome c
release from the mitochondria, and reduced activation of
caspases and the fraction of cells with a fragmented nucleus
(Figure 3c and d).
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No increase in reactive oxygen species production was
detected upon UVB exposure using carboxy-H2DCFDA (not
shown) and translocation of p53 from the cytosol to the nucleus
was not affected by addition of NAC. Moreover, the antioxidant
did not change in number of apoptotic cells (Figure 4a). The
intracellular redox state seemed unaffected by UVB exposure
as there was no change in the level of reduced glutathione
and total GSH/GSSG concentration (Figure S2b; Figure 4b).
Likewise, thioredoxin reductase activity and HO-1 expression
remained unaltered (Figure 4c and f). In contrast to UVA-
exposed melanocytes, we found a time-dependent increase of
translocation of cytosolic thioredoxin to the nucleus after UVB
(Figure 4d) and the thioredoxin translocation was partly
reduced by PFT-a addition (Figure 4e). Moreover, the expres-
sion of thioredoxin protein was reduced by UVB and inhibition
of p53 prevented the decrease (Figure 4f).
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Figure 1. Mitochondrial localization of p53 following UVA-induced apoptosis in human melanocytes. Melanocytes were irradiated with UVA (60 J cm2) and
when indicated pretreated with the p53 inhibitor, PFT-a (20 mM) 3 hours before irradiation. (a) Representative confocal images of p53 (green) and MitoTracker
(red) in unexposed (control) and UVA-exposed melanocytes. Yellow color in merged images represents colocalization. Scale bar¼1 mm. (b) Quantification of
melanocytes with punctate p53 staining (that is mitochondrial localization) 4 hours after UVA exposure and Western blot of p53 in isolated cytosolic fractions.
(c) Caspase-3 activity (white bars) was detected by cleavage of the substrate Ac-DEVD-AMC 16hours after irradiation and nuclear fragmentation (black bars)
quantified by inspection of nuclear morphology in DAPI stained cells after 4 hours. (d) Quantification of melanocytes with punctate staining (that is
mitochondrial location) of cytochrome c and Western blot analysis of cytochrome c in cytosolic fractions 4 hours after UVA exposure. One representative blot
out of three is presented. Horizontal lines shows the median value (*Po0.05).
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Lysosomal membrane permeabilization is p53 dependent after
UVB but not UVA
In a previous study, we demonstrate that release of cathepsins
B and D from lysosomes to the cytosol mediate apoptosis
signaling upstream cytochrome c release during UVA/B-
induced apoptosis (Bivik et al., 2006). To determine whether
p53 affected lysosomal membrane permeabilization, we
performed immunoblotting of isolated cytosolic fractions
and quantification of cells with maintained lysosomal
staining of cathepsins. As presented in Figure 5a and b,
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Figure 2. Redox alterations induced by UVA. Melanocytes were irradiated with UVA (60 J cm2) and when indicated pretreated with the p53 inhibitor PFT-a
(20mM) for 3 hours. (a) Quantification of melanocytes with punctate staining (that is mitochondrial location) of p53 (white bars) and nuclear fragmentation (black
bars). The antioxidant N-acetyl-cysteine (NAC, 10mM) was added 2 hours before irradiation. (b) Level of reduced glutathione. (c) Thioredoxin-reductase activity.
(d) Representative confocal images of thioredoxin location and nuclear morphology in DAPI stained unexposed (control) and UVA exposed melanocytes
examined by fluorescence confocal microscopy. Scale bar¼ 1 mm. (e) Quantification of nuclear localization of thioredoxin. (f) Western blot of thioredoxin (Trx)
in cytosolic fractions and heme oxygenase-1 (HO-1) in total cell lysates with corresponding GAPDH and b-Actin as internal controls. One representative blot out
of three is presented. Horizontal lines shows the median value (*Po0.05 and ns denotes nonsignificant differences).
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cathepsins B and D were released to the cytosol following
both UVA and UVB. However, inhibition of p53 did not
affect lysosomal membrane permeabilization or the translo-
cation of the cathepsins following UVA exposure but in UVB
irradiated cells lysosomal membrane permeabilization was
reduced when p53 was inhibited by PFT-a.
Interaction of p53 with pro- and antiapoptotic Bcl-2 family
members
Immunocytochemical staining displayed a diffuse cytosolic
localization of the proapoptotic Bcl-2 family proteins Bid,
Bax, Noxa, and Puma in unirradiated cells. After both UVA
and UVB irradiation, there was an increased punctated
staining pattern suggesting mitochondrial translocation for all
these proteins and analysis of isolated cytosol showed a clear
reduction of these proteins in the cytosol (Figure 6a and b).
When the p53 inhibitor PFT-a was added to UVA-exposed
cells, Bid translocation to the mitochondria was unaffected,
whereas Bax, Noxa, and Puma remained in the cytosol
(Figure 6a). However, during UVB irradiation in the presence
of p53 inhibitor, Bid as well as Bax, Noxa and Puma
all displayed reduced translocation to the mitochondria
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Figure 3. Increased nuclear localization of p53 following UVB-induced apoptosis in human melanocytes. Melanocytes were exposed to UVB (500mJ cm2)
and when indicated pretreated with the p53 inhibitor PFT-a (20 mM) 3 hours before irradiation. (a) Representative confocal images of p53 (green) and MitoTracker
(red) in unexposed- (control) and UVB-exposed melanocytes. Yellow color in merged images represents colocalization. Scale bar¼ 1 mm. (b) Melanocytes with
nuclear staining of p53 were quantified 4 hours following UVB. Cytosolic fractions were isolated and p53 was analyzed by Western blot 4 hours after irradiation.
One representative blot out of three is presented. (c) Caspase-3 activity (white bars) was detected as cleavage of the substrate Ac-DEVD-AMC 16hours after
irradiation and nuclear fragmentation (black bars) was quantified by inspection of nuclear morphology in DAPI stained cells after 4 hours. (d) Quantification of
melanocytes with punctate staining (that is mitochondrial location) of cytochrome c and Western blot of cytochrome c in isolated cytosolic fractions 4 hours after
UVB. One representative blot out of three is presented. Horizontal lines shows the median value (*Po0.05).
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(Figure 6b). Analysis of cell lysates by western blot revealed
that the expression of Noxa and Puma increased 2.4- and 2.3-
fold 4 hours following UVB. After UVA, Noxa displayed a
1.9-fold increase in protein content whereas Puma expression
was virtually unaffected after 4 hours.
Previously we have shown that Bcl-2 and Bcl-xL are
located in the cytosol in unirradiated melanocytes and are
translocated to mitochondria after UV irradiation (Bivik et al.,
2006). Here, we present that the translocation of Bcl-2 and
Bcl-xL to mitochondria is enhanced by addition of PFT-a after
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Figure 4. Redox alterations induced by UVB.Melanocytes were irradiated with UVB (500mJ cm2), and when indicated pretreated with the p53 inhibitor PFT-a
(20mM) for 3 hours. (a) Quantification of melanocytes with punctate staining of p53 (white bars) and nuclear fragmentation (black bars). The antioxidant
N-acetyl-cysteine (NAC, 10mM) was added 2 hours before irradiation. (b) Level of reduced glutathione. (c) Thioredoxin reductase activity. (d) Representative
confocal images of thioredoxin location and nuclear morphology in DAPI-stained unexposed (control) and UVB-exposed melanocytes examined by
fluorescence confocal microscopy. Scale bar¼ 1mm. (e) Quantification of nuclear localization of thioredoxin. (f) Western blot of thioredoxin (Trx) in cytosolic
fractions and heme oxygenase-1 (HO-1) in total cell lysates with corresponding GAPDH and b-Actin as internal controls. One representative blot out of three is
presented. Horizontal lines show the median value (*Po0.05).
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both UVA and UVB irradiation (Figure 6c and d). Co-
immunoprecipitation experiments revealed that p53 inter-
acted with Bcl-2 and Bcl-xL in unirradiated cells. After UVA
and UVB, this interaction was reduced and replaced by
interaction with the proapoptotic Bax, Noxa, and Puma. The
binding was, however, more legible in UVA-irradiated cell
samples (Figure 7a). There was no co-immunoprecipitation of
p53 and cathepsins B, D, or Bid (not shown). Furthermore,
we found an increased interaction between p53 and
thioredoxin following both UVA and UVB irradiation as
compared to unirradiated melanocytes (Figure 7b).
DISCUSSION
This study shows that both UVA and UVB induce p53-
dependent apoptosis in human melanocytes by activation of
the intrinsic pathway. Interestingly, the different UV wave-
lengths induced targeting of p53 to different intracellular
compartments depending on the intracellular redox state.
UVA caused a major part of p53 to translocate to the
mitochondria and mitochondrial membrane permeabiliza-
tion was the main regulatory site for apoptosis induction as
addition of the p53 inhibitor PFT-a prevented cytochrome c
release. In contrast, UVB-induced p53 protein translocation
into the nucleus and apoptosis was controlled at the level of
lysosomal membrane permeabilization (Figure 8).
p53 is an important regulatory protein that participate
during initiation of cell death. UVB irradiation induces direct
DNA damage, which is one of the most potent signals leading
to p53 activation and accumulation in the nucleus. As a
transcription factor p53 controls numerous genes including
the proapoptotic proteins Bax, Puma, Noxa, and Bid
(Miyashita et al., 1994; El-Deiry, 1998; Oda et al., 2000;
Nakano and Vousden, 2001; Sax et al., 2002). In melano-
cytes, there was a time-dependent increase in the expression
of Puma and Noxa only after UVB exposure. UVA is not
absorbed by DNA, but rather involved in photoreactions
giving rise to reactive oxygen species. Accordingly, we found
UVA-induced reactive oxygen species production, a sub-
stantial depletion of reduced glutathione, elevated levels of
HO-1 and alterations in the thioredoxin system. In a similar
experimental setup we recently demonstrated UV irradiation
to be accompanied by nuclear translocation of the redox-
sensitive transcription factor NF-kB and increased expression
of g-glutamyl-cysteine-synthetase, which regulated the rate-
limiting step of the glutathione synthesis (Larsson et al.,
2006). Furthermore, p53 contains several redox active
cysteines and changes in the intracellular redox state have
been shown to modulate the DNA-binding ability of p53
(Parks et al., 1997). In our experimental system supplementa-
tion of NAC reduced UVA-induced translocation of p53 to
the mitochondria. Thus, we propose that the oxidative
intracellular environment induced by UVA might oxidize
critical cysteine residues in p53 causing alternative mito-
chondrial translocation. The addition of NAC might prevent
such oxidation of critical p53 sites and consequently protect
the cells against p53-mediated mitochondrial release and
apoptosis. On the other hand, after UVB irradiation no
increased reactive oxygen species production or alteration of
the intracellular redox environment was detected and
translocation of p53 to the nucleus was unaffected by
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antioxidant supplementation. The thioredoxin system has
been suggested as a regulator of p53 redox state (reviewed in
Hainaut and Mann, 2001). Ueno et al. (1999) demonstrated
thioredoxin to enhance the sequence-specific DNA binding
of p53. Here we found that after UVB exposure, p53 co-
immunoprecipitated with thioredoxin and the thioredoxin
reductase activity was unaltered indicating an active co-
operation between p53 and thioredoxin. In contrast, UVA
irradiation resulted in reduced thioredoxin reductase activity,
which suggests that the ability of the thioredoxin system to
redox cycle p53 is decreased. We suggest that such a
scenario favors translocation of (oxidized) p53 to mitochon-
dria.
Recently, we reported both UVA and UVB to induce
lysosomal membrane permeabilization and release of cathe-
psins to the cytosol upstream of Bax translocation to the
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Punctate staining (that is mitochondrial location) of the antiapoptotic Bcl-2 and Bcl-xL and corresponding Western blot in isolated cytosolic fractions was
quantified 4 hours after irradiation with (c) UVA and (d) UVB. One representative blot out of three is presented. Values are median±range (*Po0.05, ns denotes
nonsignificant differences).
1776 Journal of Investigative Dermatology (2009), Volume 129
P Wa¨ster and K O¨llinger
UV Induces p53-Mediated Apoptosis in Melanocytes
Negative
control
Bcl-2
Bcl-xL
Puma
Noxa
Bax
p53
Positive
control UVA
IP
p53
IP
p53
Super natant
UVB
Negative
control
Positive
control UVA UVB
Trx
Trx
β-Actin
p53
Figure 7. p53–protein interactions. Melanocytes were exposed to UVA (60 J cm2) or UVB (500mJ cm2) and immunoprecipitation using p53 as target protein
was performed 4 hours after irradiation and analyzed by Western blot. (a) Interactions between p53 and pro- and antiapoptotic Bcl-2 family proteins. (b)
Interaction between p53 and thioredoxin (Trx) and corresponding supernatant. Negative control represents precipitation without the p53 antibody. One
representative blot out of three is presented and GAPDH or b-Actin was used as internal controls.
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Figure 8. Proposed model of p53-mediated proapoptotic events after UVA- and UVB exposure of human melanocytes. Inactive p53 resides in the cytosol in
complex with antiapoptotic Bcl-2 and Bcl-xL. UVA induces reduced thioredoxin reductase (TrxR) and depletion of reduced glutathione as a sign of oxidative
intracellular environment, resulting in mitochondrial targeting of p53. The translocation is accompanied by Bcl-2 family protein interaction and mitochondrial
membrane permeabilization leading to cytochrome c release, caspase activation, and nuclear fragmentation. UVB, on the other hand, did not affect the
intracellular environment and instead induces nuclear location of p53, which then controls both lysosomal and mitochondrial membrane permeabilization
resulting in cathepsin (cat B/D) release, mitochondrial permeabilization, and subsequent cytochrome c release, caspase activation, and ultimately apoptosis.
denotes events specifically prevented by PFT-a.
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mitochondria (Bivik et al., 2006). Here, we noticed p53-
dependent apoptosis signaling to be upstream of lysosomal
membrane permeabilization following UVB irradiation, as
inhibition of p53 reduced the release of cathepsins to the
cytosol. In contrast, when melanocytes were exposed to UVA
in combination with PFT-a, cathepsin release was not
affected, indicating that the p53 dependent mechanism in
this case is down stream lysosomal membrane permeabiliza-
tion. When released to the cytosol, cathepsins are suggested
to mediate apoptosis signaling through proteolytic processing
and activation of Bid (Cirman et al., 2004; Heinrich et al.,
2004). This is supported by our finding of a reduction of Bid
translocation to the mitochondria following UVB when
lysosomal membrane permeabilization was prevented in
the presence of PFT-a. In UVA-exposed cells, on the other
hand, p53 inhibition had no impact on lysosomal membrane
permeabilization and consequently Bid translocation was
unaffected. In this case, the Bid-mediated signaling seems to
be interrupted at the mitochondria in the presence of PFT-a
supporting the notion that Bid activation alone is not enough
to induce mitochondrial membrane permeabilization (Wei
et al., 2001).
There is accumulating evidence that p53 possess tran-
scription-independent activity during apoptosis by interacting
with Bcl-2 family proteins in the cytosol and at the
mitochondria (Moll and Zaika, 2001; Chipuk and Green,
2003; Erster and Moll, 2005; Yee and Vousden, 2005). The
mechanism is however, not yet revealed in detail. It has been
proposed that p53 promotes permeabilization of the outer
mitochondrial membrane by liberating proapoptotic media-
tors, such as Bax, from complexes with Bcl-2 and/or Bcl-xL
proteins, which instead are complex bound to p53 (Mihara
et al., 2003; Chipuk et al., 2004). This does not seem to be
the case in melanocytes. Bcl-xL and Bcl-2 co-immunopreci-
pitated with p53 in control cells and the interaction was
interrupted in favour of p53 binding to Bax, Puma and Noxa
especially after UVA irradiation. In a previous study, Bcl-2
and Bcl-xL were found to be located in the cytosol in
unirradiated cells, and translocated to the mitochondria after
UVA/B in cells having normal nuclear morphology, that is,
the surviving population of UV-exposed melanocytes (Bivik
et al., 2006). In this report we show that inhibition of p53
induced a significant increase in translocation of these
antiapoptotic proteins to the mitochondria. Other reports
identify Bax as the principal cytoplasmic target of p53, which
mediate Bax activation in a BH3-only protein-like fashion
(Chipuk et al., 2004). Our results that Bax, and the BH3-
proteins Puma and Noxa all co-immunoprecipitate with p53
and are translocated to the mitochondria after UVA support
such a mechanism. Bax, Puma, and Noxa are translocated to
the mitochondria but in these experiments only a small
fraction of the proteins are co-immunoprecipitated with p53,
and p53 is mainly present in the nucleus. This suggests that
Bax, Puma, and Noxa translocate to mitochondria without
p53 guidance after UVB. We suggest that cathepsin release
and Bid activation is the triggering process in this case. Upon
inhibition of p53, the translocation of Bax, Puma, and Noxa
was prevented indicating that p53, although acting at
different sites after UVA and UVB irradiation, is a central
regulator of the apoptotic process.
Mutations in the TP53 gene are infrequent in melanomas
and its importance for the development of the disease has
been questioned. However, in tumors bearing wild-type p53,
inactivation of the p53 pathway by defective signaling
or influence of oncoproteins has been found (Vogelstein
et al., 2000; Vousden and Lu, 2002) and polymorphism at
codon 72 is correlated to increased melanoma risk (Shen
et al., 2003). Recently, Yang et al. (2005) confirmed
mutations in the TP53 gene in 25% of examined melanoma
cell lines. Thus, expanding the knowledge on the regulation
and function of p53 activity in melanocytes after UV might
offer new strategies for preventing tumor development and
progression.
In summary, our results indicate that the different energies
delivered by UVA and UVB irradiation induced different
kinds of cellular damage in the melanocytes, which trigger a
p53-dependent reaction at diverse intracellular sites. p53
regulates apoptosis by interaction with Bcl-2 family proteins
at the level of the mitochondria in UVA-exposed cells,
whereas UVB-induced apoptosis is controlled by p53 up-
stream lysosomal membrane permeabilization. The impor-
tance of p53 transcription-independent death pathways in
tumors has not been fully evaluated and our findings suggest
that triggering of such pathways might offer an alternative
strategy for tumor elimination.
MATERIALS AND METHODS
Cell cultures and conditions
All experiments were performed according to the ethical principles
of the Helsinki declaration and approved by the Ethical Committee
at Linko¨ping University, Sweden. Primary melanocytes were
obtained from Caucasian donors (0–3 years of age, informed
patient/parents consent) by means of foreskin circumcisions and
pure cultures were established as described previously (Andersson
et al., 2001). The experiments were performed between passages 2
and 7 and no cells were cultured for more than three weeks in total.
Nonirradiated controls from the same skin sample were analyzed in
each study point.
The cell permeable inhibitor 1-(4-methylphenyl)-2-(4,5,6,7-tetra-
hydro-2-imino-3(2H)benzo-thiaqoyl)ethanone HBr, also called PFT-
a (20 mM, 3 hours before irradiation, stock in DMSO; Merck
Biosciences, Darmstadt, Germany) was used to block p53 activity.
The antioxidant NAC (Calbiochem, San Diego, CA) was added
2hours before irradiation at 10mM concentration. Controls for
DMSO effects were also analyzed and no interference with the
experiments was noted.
UV irradiation
The UVB source consisted of two Philips TL20W/12 tubes (Philips,
Eindhoven, Netherlands) emitting in the spectral range 280–370 nm
with a main output between 305 and 320 nm. For UVA, a Medisun
2000-L tube (Dr Gro¨bel UV-Elektronik GmbH, Ettlingen, Germany;
340–400 nm) was used. A Schott WG 305 cut-off filter (50%
absorption below 305nm; Mainz, Germany) was used and the
output was 1.44mWcm2 for UVB and 80mWcm2 for UVA. The
measurements were made with a RM-12 (Dr Gro¨bel UV-Elektronik
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GmbH) and a PUVA Combi Light dosimeter (Leuven, Belgium),
respectively. UV exposure was performed in culture dishes contain-
ing prewarmed phosphate buffered saline (w/o sodium bicarbonate).
No increase in temperature in the medium was noted during
irradiation. To achieve 30–40% apoptosis with a minimum of
necrotic cell death contamination the irradiation doses were titrated
(UVA 3–100 J cm2; UVB 15–1,000mJ cm2). This resulted in an
experimental model using 60 J cm2 UVA and 500mJ cm2 UVB.
Nuclear morphology and caspase activation
After UV irradiation fresh culture medium was added. At specified
times, the cultures were fixed in 4% neutral buffered formaldehyde
and mounted in Vectashield Mounting Media supplemented with
40,6-diamidino-2-phenylindole (DAPI) (1.5 mgml1; Vector Labora-
tories, Burlingame, CA). The nuclear morphology was evaluated in
200 randomly selected cells, using a fluorescence microscope (lex
350 nm; Nikon, Tokyo, Japan). To analyze caspase-3 activity, the
cells were collected in lysis buffer (10mM Tris-HCl pH 7.5, 130mM
NaCl, 1% Triton X-100, 10mM sodium pyrophosphate, 10mM
NaH2PO4/NaHPO4) 16 hours following UV irradiation, and incu-
bated with the substrate Ac-DEVD-AMC according to the manu-
facturer’s recommendation (BD Pharmingen, San Diego, CA). The
concentration of proteolytically released AMC substrate (7-amino-4-
methylcoumarin) was analyzed in a Shimadzu RF-540 spectro-
fluorometer (lex380/lem435, Shimadzu Kyoto, Japan). Protein
concentrations were analyzed by the Bio-Rad DC Protein Assay
System (Bio-Rad Laboratories, Hercules, CA) and caspase activity
was expressed as arbitrary units/mg protein/h.
Reactive oxygen species
Image-iT Live Green Reactive Oxygen Species Detection Kit
(I36007, Molecular Probes, Eugene, OR) was used to detect reactive
oxygen species in live melanocytes. Immediately after irradiation the
cells were labeled with carboxy-H2DCFDA (5-(and-6-)-carboxy-
20,70-dichlorodihydrofluorescein diacetate), for 30minutes at 37 1C,
protected from light. Tert-bytul hydroperoxide was used as a positive
control. Reactive oxygen species production was detected as
increased fluorescence in a VICTOR 1420 multiple counter (lex/
lem 495/529, Wallac, Turku, Finland).
Intracellular reduced glutathione and total GSH/GSSG
Melanocytes (2 105) were collected in 300 ml 0.5 M HClO4
containing 1mM EDTA. After centrifugation at 300 g for 10minutes
at 4 1C, the supernatant was analyzed for reduced glutathione
content by HPLC and electrochemical detection as described
(Honegger et al., 1989). Total GSHþGSSG (reduced plus oxidized
glutathione) was analyzed spectrophotometrically by the continuous
reduction of 5, 5´-dithiobis-(2-nitrobenzoic acid) (Akerboom and
Sies, 1981).
Thioredoxin-reductase activity assay
Thioredoxin-Reductase activity was determined using a colorimetric
assay based on the reduction of 5,5´-dithiobis-(2-nitrobenzoic)
acid with NADPH to the yellow product 5-thio-2-nitrobenzoic acid,
which is detected at 412 nm (Holmgren and Bjornstedt, 1995).
A specific thioredoxin reductase inhibitor was used to determine
the reduction of DTNB due to thioredoxin reductase activity
specifically.
Immunocytochemistry
Melanocytes were irradiated, fixed in 4% paraformaldehyde for
20minutes at 4 1C and processed for immunocytochemistry.
The cells were permeabilized with 0.1% saponin/5% fetal bovine
serum solved in phosphate buffered saline (w/o sodium bicarbonate)
and incubated overnight at 4 1C with one of the following
monoclonal anti-mouse primary antibodies; p53 (Santa Cruz
Biotechnology, Santa Cruz, CA), Bcl-2 (DAKO, Glostrup, Denmark),
thioredoxin (clone 2g11, provided by Prof Anders Rose´n) and
cytochrome c (Pharmingen) or polyclonal anti-rabbit primary
antibodies; Bax (Upstate Biotechnology, Lake Placid, NY), Bid (Cell
Signaling, Beverly, MA), Bcl-xL (Santa Cruz Biotechnology), Noxa
(Nordic Biosite, Ta¨by, Sweden), cathepsin B (Athens Research and
Technology Inc. Athens, GA), and cathepsin D (Upstate Biotechnol-
ogy) or polyclonal anti-goat Puma (Santa Cruz Biotechnology)
followed by incubation with a secondary Alexa Fluor 488 conjugate
antibody (Molecular Probes) for 1 hour at room temperature. The
samples were mounted in Vectashield Mounting Media supplemen-
ted with DAPI (Vector Laboratories) and inspected in a fluorescence
microscope. To study colocalization, mitochondria were labeled by
incubation of cells with 200 nM Mitotracker Red (Molecular Probes)
for 30minutes at 37 1C before fixation. Lysosomal colocalization
was studied by incubation of cells with 50 nM Lysotracker
Green (Molecular Probes) for 1 hour at 37 1C before fixation.
Specimens were inspected in a Nikon Eclipse E600W fluorescence
confocal microscope and in each culture dish, 200 cells were
randomly selected and the localization of the proteins was analyzed.
Negative controls, incubated without primary antibody, showed no
staining.
Isolation of cytosol
Cytosol was extracted by adding digitonin (Sigma-Aldrich) in an
extraction buffer consisting of 250mM sucrose, 20mM Hepes, 10mM
KCl, 1.5mM MgCl2, 1mM EGTA, 1mM EDTA, 1mM Pefabloc, 8mM
dithiotriol, pH 7.5 to the cultures for 12minutes on ice. This
procedure permeabilizes the cholesterol-rich plasma membrane, but
not membranes of intracellular organelles, as determined by analysis
of lactate dehydrogenase activity (Vanderlinde, 1985) and
b-N-acetylglucoseaminidase (NAG) (Leaback and Walker, 1961).
Further, the purity of the cytosolic fraction was verified by COX IV,
LAMP-2, and Bak used as markers of membrane, lysosome, and
mitochondria, respectively (Figure S3). The digitonin concentration
was individually titrated for each melanocyte donor to
15–20mgml1. The proteins of the extracted cytosols were pre-
cipitated in trichloric acid (50%) and incubated on ice for
10minutes, before pelleted by centrifugation. For Western blot
analysis, the pellet was resuspended in a urea lysis buffer (6 M urea,
150mM NaCl, 1% Triton X-100, 0.1% SDS, 50mM Tris, pH 8.0, 5mM
EDTA), a sample buffer (5% b-mercaptoethanol in Laemmli sample
buffer (Bio-Rad Laboratories; 1:1)) and 1M NaOH.
Western blot analysis
The protein samples were separated on a Ready gel (Bio-Rad
Laboratories) and transferred to a Hybond-P blotting membrane
(Amersham Biosciences, Buckinghamshire, UK). Subsequently,
the blots were saturated with 5% nonfat dry milk (Bio-Rad
Laboratories) in phosphate buffered saline supplemented with
0.05% Tween 20 at 4 1C overnight. The immunodetection
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was performed by incubating for 2 hours at room temperature
with the polyclonal primary antibody cathepsin B (Athens Research
and Technology Inc.), Bax (Upstate Biotechnology), Bid
(Pharmingen), Noxa (Nordic Biosite), Puma (Santa Cruz Biotechnol-
ogy), and Bcl-xL (Santa Cruz Biotechnology), HO-1 (Nordic Biosite)
or with one of the following monoclonal primary antibodies;
cytochrome c (Pharmingen), thioredoxin (clone 2g11, provided by
Prof Anders Rose´n), cathepsin D (Oncogene, San Diego, CA), Bcl-2
(DAKO), and p53 (Santa Cruz Biotechnology). Then horseradish
peroxidase (mouse-, rabbit- (DAKO), or goat- (Santa Cruz))
conjugated corresponding secondary antibodies were added for
1 hour. The membranes were developed with the enhanced ECL-Plus
western blotting detection system and detected on Hyperfilm ECL
(both from Amersham Biosciences). As internal loading control, the
membranes were reprobed with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; Biogenesis, Poole, UK) for digitonin-extracted
cytosolic fractions and b-actin antibodies (Santa Cruz Biotechnol-
ogy) for total cell lysates. Densiometric quantification of the bands
was performed with Gel-Pro Analyzer 3.1 (MediaCybernetics,
Silver Spring, MD).
Co-immunoprecipitation
Melanocytes were lysed for 30minutes on ice in chaps buffer
(150mM NaCl, 10mM Hepes, 1% Chaps, 1% protease-inhibitor
cocktail; Sigma-Aldrich; pH 7.4). Preclearing to reduce nonspecific
binding of proteins to the agarose, was performed with protein-G-
agarose on an orbital shaker for 1 hour, 4 1C and the protein-G-
agarose beads were then removed by centrifugation. The cell lysate
was diluted to 1mgml1 protein with phosphate buffered saline and
incubated with an antibody against p53 (Santa Cruz Biotechnology)
by gentle rocking overnight at 4 1C on an orbital shaker. The
immunocomplex was captured by protein-G-agarose for 1 hour, 4 1C
on the orbital shaker. To dissociate the immunocomplexes from the
beads, the samples were boiled for 5minutes, and analyzed by
western blot after the beads had been removed by centrifugation.
The remaining supernatants were also analyzed.
Statistics
Statistical evaluation was performed by Kruskal–Wallis test as
pretest, followed by Dunns posttests for comparison between groups.
P-values below 0.05 were considered significant.
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